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Executive Summary 

The purpose of this study is to provide data that would distinguish between two chemical 
mechanisms that have been proposed to explain the effect of zero-valent iron (ZVI) in removing 
uranium (LJ) from groundwater. The two mechanisms are reductive precipitation and adsorption 
on ZVI corrosion products. A column experiment was conducted under conditions designed to 
limit the formation of ferric oxides or oxyhydroxides and to limit adsorption of U to these 
corrosion products. , 

A total volume of 70.7 liters (5,400 pore volumes) of solution containing NaHC03, sodium azide 
(a bactericide), and U was passed through a column containing ZVI. Uranium concentrations 
decreased from 2,000 to less than 88 micrograms per liter (pa) for the first 3,000 pore volumes 
and were less than 10 pg/L for the first 700 pore volumes. After 3,000 pore volumes, the U 
concentration began a steady rise and exceeded 1,000 pg/L at 5,437 pore volumes. 

Adsorption to corrosion products accounted for only 0.5 percent of the 76 milligrams of U that 
were removed h m  the solution passing through the column. The results indicate that adsorption 
to Fe (In) oxide and oxyhydroxide corrosion products is relatively insignificant in removing U 
from a solution in contact with ZVI. The results, however, are consistent with U removal by 
reductive precipitation. The reaction rate is relatively fast, removing nearly all U within 
6.5 minutes of contact with ZVI. 

After 3,000 pore volumes, U removal became less efficient despite the presence of an abundance 
of ZVI. When the column flow rate was slowed fiom 2 milliliters per minute to 0.2 milliliter per 
minute, the U concentration in the etlluent dtmased from 1,055 to 129 pg/L, indicating that 
ZVI was still capable of removing U but at a diminished rate. Possibly, corrosion caused a 
reaction rim with mineral deposits such as magnetite that increased the distance required for 
diffusion processes to bring U into contact with ZVI. 

Results of x-ray diffraction analysis show that ZVI was the major solid phase remaining after the 
experiment. A small percentage of magnetite was formed by corrosion. A small amount of 
manganese was leached from the ZVI. Uranium concentration in the original (unused) ZVI was 
8.6 milligrams per kilogram (mg/kg) and ranged fiom 778 to 3,400 mgkg in effluent samples of 
the column experiment. 

DOWGmnd Junction Office Results of a Column Experiment 
April 2000 Page ix 
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1.0 Introduction 

The purpose of this study is to provide data that would distinguish bekcen two chemical 
mechanisins fhat have been prowsed to explain the effect of zero-valent iron (ZVI) in removing 
uranium from groundwater. The two mechanisms are reductive precipitation and adsorption 
on ZVI corrosion products. 

The work described in this report is a portion of a larger project, the Monticello Permeable 
Reactive Barrier (PRB) project, that is funded by the Acceleratad Tachnology Deployment 
( A s k )  Program spoagorad by the U.S. Department of Energy (DOE) Office of Science and 
Technology. The PRB project is being conducted by four teaming partners: the DOE Grand 
Junction Ofice (GJO), Saadia National LaboratoriesMew Mexico, DOE Western Environmental 
Technology Office (MSE Technology Applications, Inc.), and the University of Waterloo, 
Ontario, Canada 

The Monticello PRB project designed and installed a PRB to treat Ucontaminated groundwater 
at the Monticello Mill Tailings Site (MMTS) in summer 1999 (DOE 1999a). The MMTS is 
located near the city of Monticello in south- Utah. A uranium and vanadium processing 
mill was operated at the site from mid-1940 until 1960. The MMTS was placed on the National 
Priorities List in 1989 and is being remediated in accordance with the Comprehensive 
Environmental Respoase, Compensation, and Liability Act. DOE, the U.S. Environmental 
Protection Agency @PA), and the State of Utah entered into a Federal Facilities Agreement that 
specifies DOE as the lcad agency and gives oversight authority to EPA and the State of Utah. 

relocated to a disposal site approximately 2 miles south of the millsite. The PRB was designed to 
treat residual groundwater contamination and was included as part of an interim record of 
decision for the MMTS. Contaminntad groundwater flows through a shallow alluvial aquifer that 
is underlain by impermeable bedrock. Contaminants of concern include arsenic, lead-2 10, 
manganese, selenium, uranium, and vanadium. 

During 1998 and 1999, tailings and ~ n t a m h t d  soils and other materials were 

Laboratory work was conducted in the Environmental Sciences Laboratory (ESL) at the GJO 
from January 11 through 17,2000. Appendix A contains the ESL work submittal, Appendix B 
contains copies of the ESL laboratory notes, and Appendix C contains the calculations. 

The ESL was established in 1991 to provide support to programs at the GJO. The 4,500-square- 
foot geochemical laboratory is equipped with bench space and equipment to conduct research, 
treatability studies, and pilot-scale tests to supplement numerical modeling and to evaluate 
promising remdation technologies. The ESL also maintains an ecology laboratory equipped to 
conduct testing to design and evaluate landfill covers and phytoremcdiation technologies and 
operates a mobile laboratory that is routinely used for expedited site charactenza tionat 
field sites. 

Document Number K0007SM Introduction 
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2.0 Background on Chemical Mechanisms for 
ZVI-Bamd Permeable Reactive Barriers 

A PRB is'an &ghecrcd zone ofreactive material that treats contouninated groundwater flowing 
through it. PRBs have been conmuctcd of several reactive materials, including ferric 
oxyhydroxide, phosphate, granular activated carbon, zeolite, and ZVI, but ZVI is the most 
commonly used material. 

In addition to the MMTS, PRBs arc being used to treat U-contmimtcd groundwater at sites at 
Fry Canyon, Utah, Durango, Colorado; and the DOE Oak Ridge National Laboratory. Contact 
with ZVI causes U concentrations to decrease to a few micrograms per liter (&I,) at all four 
sites. Results of numerous laboratory experiments have confirmed the ability of ZVI to remove 
U from groundwater. Because of the promising results of laboratory and field studies, there is an 
increasing interest throughout the DOE system to use ZVI to treat U-contaminated groundwater. 
Research is still mdd, however, to understand the mechanisms of U uptake to support optimal 
designs for remediation systems. 

Two fundamentally different reactive mechanisms have been proposed to explain the uptake of 
U by ZVI (Cantrell et al. 1995). In one proposed mechanism, ZVI causes the oxidation state to 
decrease, resulting in reduction of U(W) to 
the aqueous phase to low-solubility minerals such as uraninite (UO&I20). In the other 
mechanism, ferric oxyhydroxides or oxides are formed as ZVI is oxidized by groundwater. The 
ferric oxyhydroxides subsequently adsorb the dissolved U(VI). Cantrell et al. (1 995) suggested 
that reductive precipitation is dominant and demonstrated its feasibility by using thermodynamic 
calculations. 

(Reaction 1). Uranium(IV) is transferred fiom 

Feo[Zvr]+U02(C03):-+2H'-+x H2O=UO2 .x H20[solid]+2HC03- + Fe2+ 
Fieder et al. (1998) conducted experiments with a small disk (0.55 inch [in.] diameter by 
0.063 in. thick) of mild steel immersed in 300 milliliters (mL) of aqueous solution, and 
concluded that the dominant mechanism for U removal by ZVI is by adsorption on ferric 
oxyhydroxide corrosion products. When the experiments were conducted under aerobic 
conditions, U sorbed rapidly to the ferric oxyhydroxides, but U was slowly and incompletely 
reduced under anaerobic conditions. The surfaces of the solid phases in the aerobic experiments 
contained only uranyl, whereas the surfaces of the solid phases in the anaerobic conditions 
contained about 75 percent uranous as determined by x-ray photoelectron spectroscopy (XPS). 
Fiedor et al(1998) deduced that some reductive precipitation occurred but the reaction was too 
slow to account for the observed rate of U removal in the experiments. They also indicated that 
reductive precipitation would not contribute significantly to U uptake in a PRB containing ZVI. 

In contrast, Gu et al. (1 998) provided experimental data confirming that reductive precipitation 
caused by ZVI is the dominant U uptake mechanism. The experiments consisted of agitating 
2 grams (g) of granular ZVI with 10 milliliters (mL) of a solution containing 42 millimols 
( d o l )  (10,OOO mg/L) of U for 3 weeks. The reaction products were separated fiom the ZVI by 
decanting and filtering. Less than 4 percent of the U was associated with the suspended reaction 
products. A solution of 0.1 M Na2CO3 solution readily removed U fiom reaction products but not 
from residual ZVI, signifying that U was adsorbed to reaction products but not to ZVI. 

Results of a Column Experiment DOFdGrand Junction o&ce .. April 2000 Page 3 
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Fluorescence spectroscopy confirmed that the U on the surfhces of the ZVI was in the IV 
oxidation state, whereas U associated with suspended reaction products was in the VI oxidation 
state. Gu et al. (1998) demonstmtcd that the rate of U uptake in the presence of ZVI was slower 
than adsorption ratcs and that the shape of sorption isotherms indicated precipitation rather than 
adsorptiork, frirther evidence supporting a mechanism of reductive precipitation. 
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3.0 Methods 

The experiment was conducted in a glass column with an inside diameter of 15 millimeters (mm) 
containing 37 g o f 4  +18 meshZVI supplied by Peerless Metal Powders & Abrasive, Detroit, 
Michigan (Figure 1). The column was lightly tamped while filling; the flow length through the 
ZVI was 120 mm. The column was purged overnight with won before smting the experiment. 
Influent solution was shed in a plastic tank and was constantly p q p d  of oxygen by bubbling 
the solution with higs-plrity argon (Figure 2). Argon escapcd through a 3-millimeter (mm) hole 
in the cap. All.joiads wm wrapped with wax film to W exposure to air; Tygon tubing was 
used for connectim (Figure 1). Effluent was collected in a plastic tank md was also purged 
constantly with argon (Figure 2). Efnuent samples were analyzed under argon immediately after 
collection for pH, dissolved oxygen (DO), and oxidation reduction potential (OW). Alkalinity 
and conductivity wcre mGIsurcd within an hour of collection, and samples were preserved with 
HNO3 for Fe and U analyses. On the basis of the amount of solution requid to fill the column, 
1 pore volume is equivalent to 13 mL. A peristaltic pump was used to pump the solution through 
the column at 2 milliliters per minute (mL/h), resulting in a residence t h e  of 6.5 minutes. 

~ 

The influent solution was made by the addition of reagent grade chemicals to milli-Q pure water. 
The composition was 1,638 mg/L NaHCO3,lOO mgL of sodium azide (a bactericide), and 
200 microliters per liter (&/I.,) of a 10,OOO~mgL U solution contaidng 3 percent € I N 0 3 1  The pH 
of the solution was djusscd to 9.2 with the addition of about 60 pL of 1ON NaOH. Alkalinity of 
the solution was about 950 mg/L (as caco3). 
After completing the flow portion of the experiment, ZVI was dried by passing argon through the 
column for 2 days. After the column material was completely dry, the column was opened and 
six samples of 20 mm of the column materid wcre collected, an additional sample of original 
ZVI was also sampled. Each of the seven samples was split into three portions. One portion of 
each sample sat was embedded in epoxy and made into a polished thin section, one portion was 
digested for chemical analysis, and one portion was used for x-ray difhction QCRD) analysis. 

The sample for XRD analysis was powdered in an agate mortar, placed in a randomly oriented 
mount, and analyzed using Cu Ka radiation at 40 millamps and a scan speed of lo  28 per minute. 
XRD is a semiquantitative technique that usually requires the presence of more than 1 percent of 
a mineral to make an identification. The intensity of the magnetite peak was calibrated using 
magnetite standards that provided accuracy of about *3 percent. 

Because ZVI is difiicult to digest, two different processes were used: (1) a mixture of hot 
concentrated nitric, hydrofluoric, and perchloric acids and (2) microwave digestion with 
concentrated nitric acid (EPA 1994). A small residual remained after digesting with the first 
method and a slightly larger residual remained with the second method. The digestate solutions 
intexfd slightly with the analysis of Fe with the first digestion method and the analysis of U 
with the second digestion method. The concentrations measured of both digestions were similar; 
data derived ikm the first digestion method were used because a larger proportion of the sample 
was digested. 
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Values of pH were determined using a silver/silver chloride glass combination electrode 
calibrated daily using pH buffer solutions at the same temperature as the solutions being 
measured (ESL procedure AP[pH-I], DOE 1999b). Values of ORP were determined using a 
platinum redox and a silver/silver chloride reference combination electrode (ESL procedure 
AP[ORP-l], DOE 1999b). ORP of a standard ZoBell solution was measured daily and Eh values 
were computed by adding 200 millivolts (mV) (difference between ORP measured on ZoBell 
solution and the potential of ZoBell solution relative to the standard hydrogen electrode) to the 
ORP values. DO was measured using the semipermeable membrane method with a YSI Model 
55 probe (ESL procedure AP[DO-I], DOE 1999b). Calibration was performed using water 
equilibrated with atmospheric oxygen. A zero oxygen check with a solution of 1 g sodium sulfite 
and 1 milligram (mg) cobalt chloride indicated that the lower detection limit was about 0.1 mg/L 
of 02. Conductivity measurements were made with a conductivity probe calibrated using 1,000 
and 10,000 microsiemens per centimenter (pS/cm) standards. Alkalinity was measured by 
titration with H2S04 (ESL procedure AP[Alk-l], DOE 1999b). Iron and Mn concentrations in the 
digested samples were determined by inductively coupled plasma (ICP) atomic emission 
spectrometry and the U concentration was measured with ICP mass spectrometry. 

Dissolved Fe concentration was measured with flame atomic absorption spectrometry (ESL 
procedure AP[Fe-11, DOE 1999b). Dissolved U concentration was measured with laser-induced 
kinetic phosphorescence analysis on a Chemchek KPA-11 analyzer (ESL procedure APIIJ-21, 
DOE 1999b). This method only responds to U(VI), but samples oxidized yvith nitric acid and 
peroxide provided equivalent readings, indicating that all dissolved U was in the +VI oxidation 
state. The Chemcheck KPA-11 method was able to detect concentrations of U less than 
0.1 pg/L. 

Results of a column Experiment 
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4.0 Results 

A total volume of 70.7 liters (5,400 pore volumes) of solution was passed through the column. 
Uraniunh &nixmations decreased from 2,000 to less than 88 pgL for the first 3,000 pore 
volumes and were leas tban 10 pgL for the fkst 700 pore volumes (Figure 3). After 3,000 pore 
volumes, the U concentration steadily i n d  and exceeded 1,000 pg/L at 5,437 pore volumes. 
At that time, flow was reduced from 2 to 0.2 d m i n  for 15 hours. The U concentration in the 
last sample, collected at the lower flow rate, decreasad to 129.4 pgL, indicating that the uptake 
capacity of the ZVI had not yet been depleted (Figure 3). 

Values of pH in the effluent wcre nearly the same as in the influent and ranged from 9.04 to 9.68 
(Figure 4). Alkalinity in the effluent was only slightly lower (about 4 percent) than in the influent 
for most samples (Figure 5). Conductivity values were nearly the same in the effluent as in the 
influent (Figure 6). Influent concentrations of Fe werc always less than the detection limit of 
0.1 mg/L (Figure 7). Effluent concentrations of Fe were as high as 1.66 mg/L during the early 
portion of the experiment but decreased to less than the detection limit of 0.1 mgL after 3,000 
pore volumes. Dissolved oxygen concentrations averaged about 0.3, only slightly above the 
detection limit of 0.1 m a ,  in the influents and the effluents (Figure 8). Values of Eh were 
similar in influent and effluent, rauging from about 300 to 400 millivolts (mv) (Figure 9). 

The only visible alterations in the column were slight reddish to grayish green coloration in the 
bottom 1 centimeter (an) of ZVI and a few small (1- to 2-mm diameter) patches of greenish 
material in the top 1 cm of ZVI. Observations with a binocular microscope of ZVI samples 
removed from the column indicated that the grains retained thek curl and lath shapes, but the 
suTf8ces appeared dull and gray compared with the shiny black surfaces of the original ZVI. 
Observations using reflected light at high power on polished thin sections showed that the ZVI 
grains were unaltered except for a thin (less than 10 micrometers) surfkc coating. 

Results of x-ray -on analysis showed that ZVI was the major solid phase remaining after 
the experiment (Table 1). The original ZVI sample contained about 3 percent magnetite, while 
the column sampks had 3 to 10 percent magnetite. Trace amounts of quartz that were present 
were likely COntamlMn ' ts from the in- grinding in the agate mortar. Traces of pyrite were 
observed in both the original ZVI and the column samples. Traces of hematite in four column 
samples and a questionable trace of siderite in one column sample werc also noted. 

Fe concentrations in the column solids ranged from 84.2 to 85.9 percent, similar to the original 
ZVI that had 85.0 percent Fe (Table 2). The Mn concentration in the original ZVI sample 
(5,980 milligrams per kilogram [mgkg]) was higher than the column sunples that ranged from 
4,590 to 5,620 mg/kg. A small amount of Mn had probably leached fiom the original material. 
Uranium concentration in the original ZVI was 8.6 mghcg; U concentrations ranged from 778 to 
3,400 mgkg in the samples of ZVI in the column (Table 2). The mass of U in the column 
material calculated fiom the concentration in the solids was 76 percent of the mass calculated 
from the decrease in concentrations in the solution. The difference is probably due primarily to 
the inhomogeneity of the solid samples. 
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5.0 Discussion 

The column exprimat was conducted under anaerobic conditions designed to limit the 
formation'of Fe(III) oxyhydmxides. From microscopic e- *on,the- tion was made 
that probably less thrrn l percent of the Fe was oxidized to Fe(II1) oxides or oxyhydroxides. The 
solution composition (high pH and high dissolved carbon) was chosen to limit the amount of U 
adsorption, even ifsome Fe(III) oxyhyhxides f o d .  Amorphous ferric oxyhydmxide ( N O )  
is the most adsorbeat folm of Fe(III) for U (Hsi and Langmuir 1985). If 1 percent of the ZVI in 
the column (0.37 g [0.0066 mol] Fe) was converted to AFO, O.OOO66 mol of sites (based on 0.1 
mol site per mol Fe Momson et al. 19951) would be available for adsorption. For the influent 
solution conditions, the maximum adsorption density on AFO is 0.001 mol U per mol adsorption 
sites (Morrison d al. 1995). Therefore, the maximum amount of U adsorbed to AFO in the 
column is 6.6 x lo-' mol (0.16 mg) and can 8ccoullt for only 0.2 percent of the 76 mg of U that 
was removed f b m  the solution passing through the column. Even if all the ZVI were converted 
toAF0,only 15.7mgor21 percentoftheUcouldbeadsorbcd. 

Magndte (Fe304) was identified in all ZVI samples, including the original ZVI sample (Table 
2). Up to 10 percent of the column samples was magnetite that had formed h m  corrosion of the 
ZVI. Adsorption to mapetite could account for additional uptake of U fiom the solution. 
Distribution ratios (ratio of the concentration of a trace constimt on a solid phase to the 
concentration in the liquid phase) for U on magnetite have measured at 4 milliliters per gram 

Using the highest distribution ratio (20 &g) and assuming 10 percent magnetite (about 5 g), 
adsorption to magnetite can only 8ccouLlt for 0.20 mg of U or about 0.3 percent of the 76 mg of 
u that was l.emoved. 

(mL/g) (Morrison and Spangla 1992) and 20 mWg (BOStiCk et d. 1996; F-ll et al. ,1999). 

These results indicate that adsorption to Fe(II1) oxides and oxyhydmxides is relatively 
insignificant in removing U fiom a solution contacting ZVI. The results, however, are consistent 
with U removal by reductive precipitation. Reduction of U caused by oxidation of ZVI would 
result in the removal of U as long as ZVI is present and accounts for the high amount of U 
removal that was not explained by adsorption. 

While reductive precipitation is consistent with the results of the laboratory column experiment, 
no identifications of specific uranous minerals were made in this study or have been identified in 
other studies of U uptake by ZVI. It is widely assumed that the process involves precipitation of 
a common uranous oxide such as uraninite (U&+,J. Uraninite is the most common ore mineral 
found in ore deposits that were formed at low temperature (about 25 "C), with coEnite 
(Usi04.11H20) and bramerite [(U,Ca,Y,Ce)(Ti,Fe)206] often of secondary importance. While the 
U in uraninite is mostly reduced, uraninite always contains some uranyl component and can 
consist of as much as 75 percent uranyl (Finch and Murakami 1999). 

Although U minerals have not been identified in any ZVI samples, Fiedor et al. (1 998) used XPS 
to determine that more than 75 percent of the U deposited on the surface (less than 
10 nanometers [nm] thick) of a steel disk under anerobic conditions was U O ;  Gu et al. (1998) 
determined that U deposited with granular ZVI in a laboratory experiment was reduced to U(IV). 
Both Fiedor et d. (1998) and Gu et al. (1998) also identified U(VI) associated with fine-grained 
oxidized materials. Matheson and Goldberg (1999) used XPS to detect a mixture of and 
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U O  associated with ZVI samples collected &om two PRBs. Most of the U o  observed in 
these studies was probably adsorbed on AFO and other fine-grained ferric corrosion products, 
but the original deposition of U could have been fiQm reductive precipitation. Some U(W) may 
have resulted from oxidation after sampling but before analysis, especially since X P S  only 
examines the-outcr 10 nm of the-surface. 

The Eh value (average about 350 mv) in the column effluents was much higher than in effluents 
from column experiments in other studies and in effluent from field PRBs. The residence time in 
this column (6.5 min) Was significantly shorter than in most other studies. The Eh values of the 
column effluents were similar to tht influent Eh values, indicating that reaction with ZVI has not 
significantly afftcted the chemistry of the bulk fluid. Elcctron transfer near the ZVI surface in 
conjunction with the high flow rate of solution through the pores could have established a sharp 
chemical gradient with little change to bulk fluid chemistry. Under these assumptions, U removal 
rate is diffusion controlled. 

After 3,000 pore volumes, U removal was less efficiest despite the abundance of ZVI still 
present (Figure 3). However, when the column flow rate was slowed from 2 to 0.2 mL,/min, the 
U concentration in the effluent decreased from 1,055 to 129 pg/L (last two points on Figure 3), 
indicating that ZVI was still capable of removing U but at a diminished rate. Possibly, corrosion 
causes a d o n  rim with mineral deposits (such as ferrous hydroxide or magnetite) that 
increases the distance required for diffusion processes to bring U into contact with ZVI. As the 
reaction rims grow, the U removal rate may continue to decrease. 
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EXPERIMENTAL PLAN 
Mechanisms of Uranium Removal by ZVI 

January 12,2000 

'Background 

An experiment is planned in support of a manuscript being prepared for the Monticello 
PRB project. The purpose of the experiment is to better understand the chemical 
mechanisms responsible for uranium uptake by ZVI. 

Two hypotheses have been suggested to explain the e chemical mechanism for 
uranium uptake by ZVI: (1) reductive precipitation, and (2) adsorption. Reductive 
precipitation refers to the formation of low-solubility uranium minerals in response to 
low redox conditions. In the sccollcl hypothesis, ZVI oxidizes to ferric oxyhydroxide 
minerals and uranium is adsorbed on the oxyhydroxides. , 

ZVI oxidizes readily to ferric oxyhydroxide in the presence of oxygen. In an oxygen-free 
environment, however, ferric oxyhydroxide should not form. Therefore, if hypothesis 2 
is cor~cct, ZVI should not remove uranium &om an anaerobic solution. Uranium does 
not adsorb to ferric oxyhydroxide from solutions with high'carbonate concentrations and I 

high pH. 

Purpose 

The purpose of the experiment is to determine if ZVI is effective at removing uranium in 
an anaerobic, high carbonate, high pH environment. Hi& uranium removal under these 
conditions supports the first hypothesis. 

Procedure 

(1) Prepre Spthrtic Water @w. Add 234 mg C (1638 mg/L of NaHCO3) per liter of 
deionized water (these are the concentrations used in a set of experiments in Morrison 
et 4 1995 and insures that ferric oxyhydroxide will not adsorb uranium). Add 2 
mg/L uranium (200 uL of 10,OOO mg/L U in 1 liter) as uranyl nitrate. Add 100 mg/L 
of sodium azide (NaN3) to curtail microbial activity. Adjust pH, to 8.8 (keep pH 
within 0.2 units throughout the experiment) with sodium hydroxide. Check to be sure 
pH remains in this range for at least 12 hours and that all NaHCO3 is dissolved. 
Measure alkalinity. 

fitted with a hose barb and an opening for a gas line. COMCC~ the hose barb to a 
plastic pipe that extends to the bottom of the carboy (this is the influent line). 
Connect the gas line to a high-purity argon tank. Connect a flow gauge to measure 
argon flow into the source tank. Connect the argon line fiom the argon tank to an 

(2) Prepre Anaerobic Appatus. Use a 20 L carboy to hold the influent SW. Use a cap 

n 



aquarium stone placed on the bottom of the effluent tank. Place a capped 4-liter 
collection bottle at the effluent end of the column. Drill 2 holes in the cap to the 
effluent bottle just large enough for the effluent hose and an argon line. There is a 
rigid 4-L Nalge container with 3 custom holes (one can be plugged with a black 
stopper) that is perfect for this. Connect a flow gauge to measure argon flow to the 
effluent tank. Use a Y connection off the argon tank to connect to the effluent line. 
Plumb a 22 mL OMNI glass column. Use Tygon tubing to connect the hose barb on 
the source tank to a peristaltic pump and then to the bottom of the column; place a 
valve (inlet valve) about 2 inches fiom the inlet to the column. Use a temperature 
meter to determine minimum and maximum temperatures daily. Use parafilm on all 
joints with liquid flow to help prevent oxygen influx. Flush system out with 20% 
HN@ followed by DI. Flush out residual liquid with argon to dryness. Take a photo 
of the completed system. 

Monticello) in the OMNI column. Tamp lightly and fill completely. Determine 
weight of ZVI by difference. Take a photo of the ZVI. 

(4) Conchrct equeriment. Measure parameters (pH, OW, DO, conductivity, alkalinity, 
uranium) on the SW (collect sample at the inlet valve) then purge source tank with 
argon (150 a m i n )  for at least 24 hours. Purge column-with argon (40 a m i n )  for 
at least 24 hours. Measure parameters again. Flush argon through the source tank at 
150 d m i n  and through the effluent at 40 d m i n  throughout the experiment to 
maintain the solution oxygen free. Using the peristaltic pump, pass SW through the . 
columns at 2 a m i n  (residence time of about 5 minutes) into the column. 
Determine the volume required to fill column (this is the pore volume). 

( 5 )  sample Collection. Collect samples at 6, 12, 18,24,36, and 48 hours and then every 
24 hours for at least 5 days (or until breakthrough if possible, which may take weeks). 
Collect a 100 mL sample to make the measurements (use a capped Nalge bottle with 
2 hole and uprge with argon). Measure pH, OW, DO, conductivity, alkalinity, iron, 
and uranium concentration in the effluents. Take care to limit exposure to the air 
during sample collection and measurement. Keep the sampling container under argon 
as much as possible. Flush argon across the top while sampling. M e r  opening, first 
sample 25 mL for U and Fe analysis (preserve with 2% HN03). The sample should 
not be touched by probes of any kind prior to U sampling. Next, insert the O W  probe 
(still with argon). Then DO, alkalinity (pH), and conductivity in that order. Record 
the minimum and maximum temperatures daily. 

microscopically for indication of red-coloration (ferric oxyhydroxide). Take photos. 
Place in a 50-,L tube, seal under argon with parafilm and double bag with argon. 
Send to lab for XRD analysis. Include a sample of the fresh ZVI also. 

. 

' 

( 3 )  Fill Columns. Weigh the dry column. Place ZVI (-8 +20, same as was used at 

(6) SoZids Ana&sis. After the experiment is completed, examine the solid ZVI 
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